Background Flexor digitorum superficialis (FDS) arch is a site of compression in pronator syndrome yet little is known about its anatomic structure. The purpose of the study is to delineate the surgical anatomy of the FDS arch along with its relationship to the anterior interosseous nerve (AIN) takeoff. Methods Thirty-eight cadavers were dissected using a modified Henry's approach. The FDS arch was identified, and its distance to the antebrachial crease and medial and lateral epicondyle were measured. The FDS arch was divided in a sequential fashion until adequate decompression of the median nerve was achieved. The total length of the release was measured. The takeoff of the AIN was identified in relation to the FDS arch. Results Two types of the FDS arch were discovered, a distinct fibrous arch and an indistinct fibrous arch with vertical fibers blending into overlying fascia. Only 42 % of specimens had a distinct FDS arch averaging 1.69 cm in length. The majority of specimens had an indistinct arch, and of those, 77 % had overlying muscle, requiring an average release of 2.6 cm. The AIN branched at or distal to the FDS arch in 74 % of specimens, and only 8 % was found to have an ulnar-sided origin off the median nerve. Conclusions A longer surgical release is needed with indistinct FDS arches. Overlying muscle during dissection may be indicative of an indistinct arch. Dissection along the ulnar side of the median nerve can possibly decrease the chance of injury to the AIN during decompression.
Introduction
The term pronator syndrome (PS) was first utilized by Seyffarth in 1951 to describe compression neuropathy of the median nerve in the proximal forearm [9] . Classically, PS presents as paresthesias in the median nerve distribution and aching pain in the proximal forearm with minimal weakness. It can be confused with the more commonly diagnosed carpal tunnel syndrome, as the clinical picture can be very similar [4, 6, 7] . The absence of nighttime pain and decreased sensation in the distribution of the palmar cutaneous branch of the median nerve can be helpful in distinguishing between the two syndromes [2] . Electrodiagnostic studies are often equivocal, and the diagnosis is primarily based on the history and physical exam [5, 11] . A variety of clinical exams has been described, but there is limited evidence of their reliability in diagnosing PS [3] .
The designation of PS is somewhat of a misnomer as there are four additional sites of potential compression besides the two heads of the pronator teres muscle. Other areas of potential compression include the lacertus fibrosis (bicipital aponeurosis), the ligament of Struthers (extending from a supracondylar process to the medial epicondyle), by anomalous muscles such as an accessory head of the flexor pollicis longus (Gantzer's muscle) and the flexor digitorum superficialis (FDS) arch [1, 7, 10] .
There is limited literature in the anatomic study of structures related to median neuropathy in the forearm [1] . The FDS arch is believed to be one of the more common sites of compression in PS, yet very little is known about its surgical anatomy with regard to a decompression procedure. Although surgical techniques advocate for a complete release of the compressive structures, the extensive surgical variability described illustrates the lack of consensus on the optimal approach for an operative decompression [7] .
The purpose of our study was to delineate the anatomy of the FDS arch in relation to the median nerve during a surgical decompression at the elbow. The goals were to determine the length of surgical release needed for a complete decompression of the median nerve at the level of the FDS arch and to elucidate the spatial relationship of the anterior interosseous nerve (AIN) to the median nerve during this release. Further understanding of the surgical anatomy of the median nerve will improve patient outcomes and operative comfort in surgical decompression of an uncommon compressive neuropathy in the forearm.
Materials and Methods
The study was based on the dissection of 38 fresh frozen cadaver specimens spanning from the mid-humerus to the fingertips. Surgical dissection was performed with the arm in full supination. A modified Henry's approach starting at the antebrachial crease was utilized for exposure. The longitudinal incision was extended distally and just radial to the flexor pronator mass. With retraction of the flexor pronator mass, the median nerve was identified just proximal to the flexor digitorum superficialis arcade.
Anatomy
Two anatomic variations were noted at the level of the FDS arcade: a distinct fibrous arch and an indistinct arch. The distinct arch had the appearance of a discrete fibrous transverse sling with the median nerve coursing underneath ( Fig. 1 ). The indistinct arch had vertical fibers, which blended into the overlying FDS fascia (Fig. 2 ). Another anatomic variation noted was overlying muscle superficially obscuring the proximal extent of the arch (Fig. 3 ). Hence, a total of four anatomic variations could be seen at the level of the FDS arch: a distinct or indistinct arch, with or without the possibility of overlying muscle belly. The anatomic course of the anterior interosseous nerve (AIN) branch in relation to the FDS arch and the median nerve was noted. Fluoroscopy of the distal humeri was taken to assess for the presence of supracondylar processes in the specimens.
Measurements
We measured the distance from the proximal border of the FDS arcade to the antebrachial crease, the medial epicondyle, and the lateral epicondyle. In specimens with an arch having a distinct proximal and distal border, the longitudinal length of the arch (in line with the long axis of the forearm) was measured and a complete release was performed. In specimens with an indistinct arch, an initial release of 2 cm was made. The adequacy of the initial release was checked with direct palpation. In the clinical setting, direct palpation is often a method utilized for subjective assessment of a complete release. An adequate release allowed for passage of a finger distal to the site of compression. If overlying compression could still be palpated with less than 1 cm of visible fibrous bands or overlying fascia, the exact longitudinal length was measured and the release was performed. If the persistent compression was greater than 1 cm, additional releases in increments of 1 cm were performed until no further compression was felt. A surgical metal ruler was utilized for all measurements, as it is readily available within the operating room and is standardized in its accuracy. Each specimen was dissected and measured and confirmed by two hand surgeons.
Results
A total of 38 fresh frozen cadaveric specimens were dissected, with 17 females and 9 males. There were 22 right arms and 16 left arms, including 12 matched pairs. The average age was 58 years old (40-83).
The average distance of the proximal FDS arch to the antebrachial crease was 4.4 cm (3-7 cm). In relation to the medial and lateral epicondyle, the average distances were 8.6 cm (7-11.5 cm) and 11.2 cm (9-14.5 cm), respectively. There were no cadavers with a supracondylar process assessed by fluoroscopy. Table 1) .
The AIN was noted to branch off the median nerve at or underneath the FDS fascia (in our area of release) in 28 of 38 (74 %) cadavers ( Table 2 ). In these specimens, 26 of 28 (93 %) of AIN branches were found to course either on the radial aspect or deep to the median nerve. Cadavers with a takeoff proximal to the FDS arch (26 %) had a more variable distal course with 40 % branching in an ulnar direction.
Discussion
The FDS arch is a known site of median nerve compression in the proximal forearm. Previous studies, however, have varied in establishing a link between the fibrous arch and pronator syndrome. Olehnik et al. found the FDS arch to be the most common median compression site, seen in 22 of 39 forearms [8] . Hartz et al. also found compression at the FDS arch in 12 of 36 forearms, with better postoperative results seen in patients who had this specific finding [5] . In contrast, Spinner noted FDS arch compression in only 7 of 51 cases [6] .
Werner et al. noted in nine patients that all had tenderness over the median nerve 4-5 cm distal to the elbow [11] . This clinical observation correlates with our finding that the proximal extent of the FDS arch was an average of 4.4 cm distal to the antebrachial crease. Interestingly, Werner dissected up to but did not release the FDS arch, and four of the nine patients had persistent symptoms. Since maximal tenderness appeared to be at the FDS arch, a more distal surgical release may have provided symptomatic relief for these patients.
The overall clinical success of PS decompression has been reported up to 90 %, but these numbers often include patients with improved but persistent symptoms [2, 5, 6] . Complete symptomatic resolution after surgical release can be as low as 55 % [8] . Improved understanding of the surgical anatomy may yield additional clinical benefits.
Minimal description describing the surgical anatomy of the FDS arch exists in literature. An objective of the current study is to provide knowledge of the expected anatomy and its variations to approach the decompression in a safe and efficacious manner. In this investigation, the FDS arch had two anatomic variations: a distinct FDS arch versus an indistinct FDS arch contiguous with the muscle fascia. A slight majority of the cadavers were found to have the indistinct type, and over 75 % of these had overlying muscle requiring further dissection to delineate it. A substantial difference regarding the length of the surgical release was found between the two variations. On average, the indistinct FDS arch required an additional 1.2 cm of surgical release compared to the direct variant. Failure to recognize this variation during surgery may lead to an inadequate decompression of the median nerve and persistent symptoms.
The proximal extent of the FDS arch was found an average of 4.4 cm distal to the antebrachial crease and required an average release of 2 cm for the FDS arch. We propose a surgical incision extending 6-7 cm from the antebrachial crease to allow for full visualization and release of the most distal compression site of the median nerve in the forearm. We feel the antebrachial crease is a reliable and consistent visible surgical landmark that can be easily identified in all patients. The longitudinal incision utilized for dissection was adequate to completely inspect the anatomic structures and can be extended if necessary. Recent studies have shown satisfactory patient outcomes in both endoscopically assisted decompression and mini-open decompression in pronator syndrome [7, 12] . In endoscopic decompression, an incision of 3 cm was still necessary for adequate visualization, in comparison to the 3.5-cm incision described for the mini-open procedure. Our description of a 6-7 cm incision distal to the antebrachial crease allowed for both exploration and division of proximal structures such as the lacertus fibrosis and complete decompression of the entire FDS fibrous arch distally. With increased surgeon experience and comfort, the incision can become shorter to focus on the distal 3-4 cm for decompression of the FDS arch if so desired.
In 74 % of specimens, the AIN branched at or distal to the FDS arch, and of those, only 8 % branched ulnar to the median nerve. In cadavers where the AIN takeoff was proximal to the arch, there was more variability in the direction of the nerve. If the AIN branch is not seen proximal to the FDS arch, it may be safer to perform the decompression on the ulnar side of the median nerve.
There are two major limitations in this study. First, cadaveric specimens utilized were from the distal humerus to the fingertips. The lack of soft tissue tension proximally may have affected the evaluation of the position of the AIN branch relative to the median nerve. However, since dissection was not performed proximal to the antecubital crease, the fascial planes and other soft tissue attachments proximally were intact as well as the muscular origin of the two heads of the FDS muscle. We feel thus that this limitation should not affect the anatomic findings at the FDS arch or the location of AIN branching in this study. The second limitation is the lack of correlation between the cadaveric anatomical findings and the clinical presentation of PS. The next step would be a clinical investigation to assess if symptomatic patients requiring surgical release for PS are more predisposed to a particular variant of the FDS arch. Further study between the intraoperative findings and the surgical outcomes is needed for a more definitive conclusion. Nevertheless, the current data can be useful in guiding median nerve decompression in an uncommon compressive neuropathy.
